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Regulation of Stem Cell Maintenance and Transit
Amplifying Cell Proliferation by TGF- Signaling
in Drosophila Spermatogenesis
structures and large numbers of small cells resembling
germ line stem cells (GSCs) and spermatogonia, but no
spermatocytes or mature spermatids (Figure 2B). Wild-
type GSCs and gonialblasts contain a spectrin-rich or-
ganelle known as the spectrosome, which is spherical in
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Sheffield, S10 2TN shape, while spermatogonia and spermatocytes contain
UK spectrin-rich structures known as fusomes, which are
linear and branched in appearance (Figure 2C). UAS-
dpp/; nos-GAL4/ (UAS-dpp) testes contained similar
Summary numbers of spectrosome-containing cells to wild-type
testes but many more fusome-containing cells, as
The continuous and steady supply of transient cell types shown by immunostaining using antibodies to -spec-
such as skin, blood and gut depends crucially on the con- trin (Figure 2D), suggesting that the ectopic cells resem-
trolled proliferation of stem cells and their transit am- ble spermatogonia rather than GSCs or gonialblasts.
plifying progeny. Although it is thought that signaling To investigate the behavior of germ cells in UAS-dpp
to and from support cells might play a key role in these testes, we examined cell proliferation and cell death.
processes, few signals that might mediate this interac- Immunostaining with anti-phosphorylated histone 3
tion have been identified. During spermatogenesis in (PH3) antibodies revealed cysts of germ cells undergo-
Drosophila, the asymmetric division of each germ line ing synchronous mitotic division, another characteristic
stem cell results in its self-renewal and the production of spermatogonia, but exceeding the usual four rounds
of a committed progenitor that undergoes four mitotic of mitosis (Figure 2F). Staining with acridine orange re-
divisions before differentiating while remaining in inti- vealed significantly more cell death in all the UAS-dpp
mate contact with somatic support cells [1]. Previous testes we examined (22/22) relative to wild-type (Figure
data have suggested that TGF- signaling pathway 2H). Taken together, these data suggest that in UAS-
components punt and schnurri are required in the so- dpp testes, spermatogonia fail to cease mitotic division
matic support cells to restrict germ cell proliferation after four rounds but continue to divide synchronously
[2]. Here, by contrast, we show that the maintenance and ultimately die.
and proliferation of germ line stem cells and their prog-
Similar phenotypes were observed in testes in which
eny depends upon their ability to transduce the activity
an activated form of the type I TGF- receptor Thick-
of a somatically expressed TGF- ligand, the BMP5/8
veins [6–8] was overexpressed in the germ line (UAS-ortholog Glass Bottom Boat. We further demonstrate
tkv*) (data not shown), suggesting that the observedthat TGF- signaling represses the expression of the
germ cell overproliferation phenotype in UAS-dpp testesBam protein, which is both necessary and sufficient
seems to be due to a direct effect of dpp on germ cellsfor germ cell differentiation, thereby maintaining germ
rather than an indirect effect via the soma. Since thereline stem cells and spermatogonia in their proliferative
is no increase in the number of GSCs in either UAS-state.
dpp or UAS-tkv* testes, it follows that high-level TGF-
signaling in the germ line is sufficient to induce sper-Results and Discussion
matogonial overproliferation but is not sufficient to
specify GSC identity.Spermatogenesis in adult Drosophila commences in the
germinal proliferation center at the apical tip of the testis
(Figure 1). To identify factors that can influence the regu-
TGF- Signaling Is Necessary for Bothlation of cell proliferation in spermatogenesis, we screened
Germ Line Stem Cell Maintenancea number of signal transduction pathway components
and Spermatogonial Proliferationusing the GAL4/UAS targeted overexpression system
To investigate whether TGF- signaling is required for[3]. Various lines carrying transgenes under the tran-
germ cell proliferation, we overexpressed the inhibitoryscriptional control of the UAS enhancer were crossed
SMAD daughters against dpp (dad) [9] (which has beento lines carrying nanos-GAL4:VP16 (nos-GAL4), in which
shown to antagonize TGF- signaling [9, 10]) in the germthe GAL4 transcriptional activator is expressed only in
line using nos-GAL4. Testes of such animals raised atthe germ line [4]. The testes of the progeny of such
25C exhibited a range of phenotypes, perhaps re-crosses were screened for morphological abnormalities.
flecting the strength of the UAS-dad transgenic line. In
27% of cases (43/161), testes resembled those of wild-TGF- Signaling Is Sufficient to Induce
type animals. In 21% of cases (34/161), testes appearedSpermatogonial Proliferation, but Not Sufficient
smaller and thinner than those of wild-type animals, withto Specify Germ Line Stem Cell Identity
a visible reduction in the number of germ cells (data notWe discovered that overexpression of decapentaplegic
shown). In the remaining 52% of cases (84/161), testes(dpp), the Drosophila ortholog of human BMP2/4 [5],
had degenerated and completely lacked GSCs, sper-resulted in testes containing large, opaque, spherical
matogonia, and spermatocytes, as indicated by the ab-
sence of Vasa protein (Figure 2J), which is normally*Correspondence: p.w.ingham@shef.ac.uk (P.W.I.), wubaduoy@
yahoo.co.uk (A.A.S.) expressed in all germ cells [11, 12] (Figure 2I). By con-
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transheterozygous for a temperature-sensitive combi-
nation of dpp alleles- dpphr27/hr56 [18] that had been raised
at 18C and shifted to the restrictive temperature of 29C
upon eclosion. After 7 days, the testes of such animals
did not exhibit any overt morphological abnormalities
and contained germ cells in all stages and in quantities
indistinguishable from controls (data not shown). Similar
experiments were undertaken with a transheterozygous
combination of temperature-sensitive alleles of punt.
Adult males of the genotype put135/10460 were moved to
the restrictive temperature of 29C after eclosion. After 7
days, their testes were smaller and thinner than controls
Figure 1. Schematic Illustration of the Germinal Proliferation Center and exhibited an apparent reduction in the number of
of the Testis early germ cells, particularly spermatogonia and GSCs
The cone-shaped somatic hub, consisting of about twelve, nonmi- (Figure 4H and data not shown). These data indicate
totic cells (red), lies at the apical tip of the testis, surrounded by that while TGF- signaling appears essential for germ
five to nine germ line stem cells (GSC) (dark blue), each flanked
cell proliferation, dpp is unlikely to play a major role inby a pair of somatic stem cells (SSC) (green). Spermatogenesis
this process. Consistent with this notion, we were unablecommences when the GSC divides asymmetrically to yield two
to detect dpp mRNA expression in the testis by in situdaughters, one remaining in close contact with the hub, which as-
sumes the GSC fate, and its displaced sibling, which assumes the hybridization (data not shown). We proceeded to con-
gonialblast (pink) fate. As each GSC divides asymmetrically, so too duct in situ hybridization to investigate the expression
do the two SSCs flanking it, each yielding one SSC (the daughter of two closely related homologs of dpp: screw (scw)
remaining in contact with the hub) and one cyst cell (yellow) (its
[19] and glass bottom boat (gbb) [20, 21]. Whereas wedisplaced sibling). The gonialblast proceeds to undergo four rounds
failed to detect the expression of scw mRNA in testesof synchronous mitosis, during which cytokinesis is incomplete, to
(data not shown), we did detect gbb mRNA. gbb tran-form a cyst of 16 spermatogonia (light blue). These then differentiate
into spermatocytes that undergo meiosis and subsequently mature script was detected in the area corresponding to the
into spermatids. The cyst cells do not divide again but proceed to germinal proliferation center, specifically in the somatic
grow, encapsulating the germ cells as they undergo mitosis and cyst cells (Figure 4A).
differentiation.
Given that gbb is expressed in the region where GSC
and spermatogonial proliferation take place, we tested
trast, overexpression of brinker (brk), a transcriptional whether loss of function of gbb has any effect on germ
repressor of many Dpp target genes [13, 14], had no cell proliferation. Examination of the testes of gbb1/4 [21]
effect on testes (data not shown). adult males raised at 18C revealed them to be signifi-
In order to test the requirement for TGF- signaling cantly smaller than wild-type, with a dramatic reduction
in the germ line, we investigated the behavior of marked in the number of germ cells of all stages, particularly
germ line clones lacking the activity of various TGF- GSCs, spermatogonia, and spermatocytes (Figures 4B
signaling pathway components. Germ line stem cells
and 4E). Immunostaining with antibodies to Vasa protein
mutant for tkv or put (a type II TGF- receptor [15]) and
revealed that in the most extreme cases, testes from
spermatocytes lacking the activity of tkv, put, or mad (a
gbb mutant animals lacked GSCs, spermatogonia, andtranscription factor required for the regulation of TGF-
spermatocytes altogether (Figure 4C). Similar pheno-target genes [16]) were generated but did not persist to
types were observed in gbb4/4 males. We were able tothe same extent as wild-type clones, as evidenced by
rescue these phenotypes by ectopically expressing gbbassessing the ratio of the number of testes containing
in a gbb4/4 mutant background using nos GAL4 (Figureat least one germ line clone to the number of testes
4F), thus confirming that these phenotypes are indeedcontaining wild-type control clones (Figures 3A, 3B, 3D,
due to a reduction in wild-type gbb function.and 3E; Table 1; see supplemental experimental proce-
Cyst cells outside the germinal proliferation center dodures for a detailed description of clonal analysis experi-
not express gbb, implying that the cessation of prolifera-ments). Sporadically (approximately 4% of cases), cysts
tion of spermatogonia may be directly linked to the losscontaining eight, rather than 16, spermatocytes were
of gbb activity. We investigated the effects of overex-observed, implying that the fourth spermatogonial divi-
pressing gbb using nos-GAL4 or the hub and early cystsion had not been complete (Figure 3C). Such a scenario
cell-specific driver patched-GAL4 (our unpublishedmight have arisen due to the transient persistence of
data). Surprisingly, none of these drivers yielded a phe-Tkv, Mad, or Put protein after the respective wild-type
notype resembling that produced when dpp or tkv* isallele was lost. Together, these clonal analysis data sug-
overexpressed.gest that TGF- signaling is required for both germ line
This could be because Gbb is a less potent ligandstem cell maintenance and spermatogonial proliferation.
than Dpp or that Gbb is posttranscriptionally regulated.We did not find a requirement for schnurri (shn) [17],
Consistent with these notions are previous observationsthe product of which is frequently required in Dpp signal-
regarding the relative potency of the two ligands in or-ing, in the germ line for these processes (Table 1).
chestrating growth and patterning in imaginal discs
[22, 23] and the RNA and protein expression patternsThe Somatically Expressed TGF- Ligand Glass
of Gbb in wing discs [24]. Alternatively, it is possibleBottom Boat Is Required for Germ Line Stem
that Gbb acts in tandem with another ligand as a hetero-Cell and Spermatogonial Proliferation
dimer. In this case, loss of function of Gbb would beTo establish whether Dpp function is required for male
germ cell proliferation, we analyzed the testes of animals sufficient to produce a loss-of-function phenotype,
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Figure 2. Overexpression of dpp Causes Germ Cell Overproliferation; Overexpression of an Inhibitory SMAD Causes Germ Cell Loss
Wild-type (wt) (A, C, E, G, and I), UAS-dpp/; nos-GAL4:VP16/ (UAS-dpp) (B, D, F, and H,), and UAS-dad/; nos-GAL4:VP16/ (UAS-dad)
(J) testes. (A and B) Phase contrast images of squashed testis preparations. (A) In wt testes, germ cells of all stages are present (white arrow,
spermatogonium; black arrow, spermatocyte; black arrowhead, elongating spermatid). (B) In UAS-dpp testes, all germ cells resemble germ
line stem cells and spermatogonia. No spermatocytes or spermatids are present. (C and D) staining with antibodies to -spectrin. (C) wt
testes contain spherical spectrosome-containing germ line stem cells (GSCs) and gonialblasts (arrow) and branched fusome-containing
spermatogonia (arrowhead). (D) Note extensive branched fusome structures in germ cells in UAS-dpp testes (arrowhead) suggesting spermato-
gonial identity, and wild-type number of spherical spectrosome-containing cells (arrow) indicative of a wt complement of germ line stem cells.
(E and F) staining with antibodies to phosphorylated histone 3. (E) Mitosis is usually restricted to four divisions at the apical tip of testis (arrow
shows a single cell dividing). (F) UAS-dpp testes exhibit synchronous mitosis of 16 cells away from apical tip of testis (arrow). (G and H)
Acridine orange staining to reveal cell death. Note extensive cell death in UAS-dpp (H) testes relative to wt (G). (I and J) Staining with antibodies
to Vasa. (I) In wt testes, Vasa protein is detected in all germ cells. (J) UAS-dad testes contain no Vasa-expressing cells, indicative of germ
cell loss. Each pair of images is at the same magnification.
whereas overexpression of Gbb alone may not be suffi- TGF- Signaling Represses the Activity
of the bags of marbles Gene, Whichcient to achieve a gain of function effect.
In an interesting parallel, a mouse ortholog of Gbb, is Required for Germ Cell Differentiation
We next explored the mechanisms by which Gbb mightBMP8b, has been shown to be required for the survival
and proliferation of primordial germ cells in males [25, regulate germ cell proliferation. One candidate we sus-
pected that might interact with the pathway is the bags26]. However, these studies reported that BMP8b is
expressed in the germ line rather than the soma, and it of marbles (bam) gene [27] since, as with the activation
of high-level TGF- signaling in the male germ line, thewas not established whether BMP8b acts on the germ
line in an autocrine manner or indirectly via the soma. loss of bam function is sufficient to induce the overproli-
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Figure 3. Loss of Function of TGF- Signal
Transduction Components in Germ Cells Re-
sults in Their Failure to Proliferate and Their
Premature Differentiation
(A) A testis in which wild-type clones had
been generated 5 days earlier containing sim-
ilar numbers of GFP/ (arrowhead) and
GFP/ (arrow) spermatocytes.
(B) A testis in which tkv clones had been in-
duced 5 days earlier containing GFP/ (ar-
rowhead), but not GFP/ spermatocytes,
suggesting a role for tkv in germ cell prolifer-
ation.
(C and C) A GFP/ (tkv/) cyst containing
eight spermatocytes indicates premature dif-
ferentiation before the fourth round of mitosis
and suggests a requirement for tkv in sperma-
togonial proliferation.
(D and D) A testis in which tkv clones had
been generated 2 days earlier containing a
GFP/ GSC (arrow) and a GFP/ GSC (ar-
rowhead).
(E and E) A testis in which tkv clones had
been generated 9 days earlier contains a
GFP/ GSC (arrow) but no GFP/ (tkv/)
GSCs or gonialblasts, suggesting a require-
ment for tkv in GSC maintenance. Positions
of the hubs are denoted by asterisks. (C), (D),
and (E) are merged images of (C), (D), and
(E), respectively, with propidium iodide stain-
ing (red) to reveal cytoplasm (see supplemen-
tal experimental procedures).
feration of spermatogonia-like cells, but not GSCs [28] spermatogonia, those farthest away from the apical hub,
which are about to cease mitosis and differentiate into(Figure 5G).
It has been reported that cytoplasmic Bam (Bam-C) spermatocytes (Figure 5A). In a previous study, overex-
pression of bam using a heat-shock-bam transgene wasis expressed in 2- to 16-cell spermatogonia, but not in
GSCs, gonialblasts, or spermatocytes [28, 2]. We found shown to be sufficient to eliminate germ line stem cells
in the ovary, but not in the testis [29]. However, since itthat Bam-C levels appear to be highest in late-stage
Table 1. TGF- Pathway Components Are Required for Spermatogonial Proliferation and Germ Line Stem Cell Maintenance
Allele Spermatocytes, 5 Days Spermatocytes, 9 Days GSCs, 2 Days GSCs, 9 Days
tkva12 GFP/ 0/25 (0%) 0/51 (0%) 14/17 (82%) 1/18 (6%)
GFP/ 10/25 (40%) 20/51 (39%) 14/17 (82%) 10/18 (56%)
madB1 GFP/ 6/33 (18%) 0/21 (0%) ND ND
GFP/ 21/33 (64%) 7/21 (33%) ND ND
put135 GFP/ 22/76 (29%) 1/81 (1%) 11/15 (73%) 1/16 (6%)
GFP/ 59/76 (77%) 44/81 (54%) 10/15 (67%) 11/16 (69%)
shnTD5 GFP/ 17/29 (59%) 7/20 (35%) ND ND
GFP/ 23/29 (79%) 10/20 (50%) ND ND
wt GFP/ 19/33 (58%) 16/51 (31%) 8/12 (67%) 10/15 (67%)
(FRT40) GFP/ 16/33 (49%) 21/51 (41%) 8/12 (67%) 9/15 (60%)
Germ line clones (either spermatocytes or germ line stem cells GSCs) homozygous mutant (GFP/) and homozygous wild-type (GFP/) for
TGF- pathway components were scored either 2, 5, or 9 days after clone induction. Fractions indicate the number of testes containing at
least one clone out of the total number of testes analyzed. tkv, mad, and put spermatocyte clones (GFP/) do not persist to the same extent
as their wild-type counterparts (GFP/) and are therefore required in the germ line for germ cell proliferation whilst shn is not. GSCs mutant
for tkv and put are generated and persist for 2 days but do not persist to the same extent as wild-type animals 9 days after clone induction.
ND, not determined. See supplemental experimental procedures for full details of clonal analysis experiments.
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Figure 4. Loss of Function of the Drosophila BMP5/8 Homolog gbb Results in Germ Line Stem Cell Loss
(A) In situ hybridization to gbb mRNA in wild-type testes. Note expression in somatic cyst cells (arrows).
(B–F) Wild-type (wt) (D), gbb1/4 mutant (B, C, and E), and gbb4/4; nos-GAL4:VP16/UAS-gbb (F) testes. (B) Note presence of spermatids but
absence of GSCs, spermatogonia, and spermatocytes, indicative of germ cell loss. (C) Immunostaining to Vasa protein in gbb4/4 mutant testis.
Note absence of Vasa protein at apical tip, indicating absence of germ cells. (F) Ectopic expression of gbb in gbb mutant testes rescues
mutant phenotype.
(G and H) put135/ (G) and put135/10460 testes from animals raised at 18C and placed at the restrictive temperature of 29C after eclosion for 7
days. put mutant animals exhibit loss of early germ cells but presence of mature spermatids. Same magnification as in (D)–(H).
is not possible to achieve sustained, high-level, targeted bam loss of function phenotypes suggests that TGF-
signaling might act to repress bam activity. We exam-overexpression with a heat-shock transgene, this analy-
sis does not exclude a similar activity for Bam in the ined testes in which clones of cells expressing tkv* had
been generated and found that such clones did notgerm line of both sexes. By driving sustained, high-level
overexpression of bam in GSCs and spermatogonia us- express Bam-C even though they overproliferated (Fig-
ures 5D–5F). It is therefore possible that TGF- signalinging nos-GAL4, we found that testes of such animals
resemble UAS-dad testes, being dramatically reduced in might promote germ cell proliferation by repressing the
activity of Bam, thus preventing premature differentia-size (Figure 5B), lacking early germ cells, and containing
only mature spermatids (Figure 5C). These expression tion of GSCs and amplifying spermatogonia, thereby
maintaining them in a proliferative state. We tested thisand phenotypic data suggest that bam might be re-
quired for the differentiation of spermatogonia into possibility by generating germ line clones that lacked
both Bam activity and the ability to transduce the TGF-spermatocytes. Loss of bam function might forbid differ-
entiation, thereby maintaining spermatogonia in a prolif- signal. Such germ cells, doubly mutant for bam and put,
behave as bam mutant clones and overproliferate as smallerative state.
The similarity between the TGF- gain of function and cells resembling spermatogonia (Figures 5G and 5H).
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Figure 5. Ectopic Expression of bam Causes Germ Line Stem Cell Loss; Bam Is Repressed by TGF- Signaling; Germ Cells Do Not Require
TGF- Signaling Pathway Transduction to Proliferate If They Simultaneously Lack bam Activity
(A) Cytoplasmic Bam (Bam-C) (red) is expressed at high levels in spermatogonia 4- to 5-cell diameters from the hub (stained for Fasciclin III
[green]).
(B and C) UAS-bam/; nos-GAL4:VP16/ (UAS-bam) testes. (B) UAS-bam testis (same magnification as Figures 4D–4H). (C) Misexpression
of bam results in loss of early germ cells; only spermatids are observed.
(D–F) Staining with antibodies to Bam-C (red) in a testis containing clones expressing tkv* marked with GFP generated in using actin5Cy
Gal4; UAS-GFP in combination with UAS-tkv*. Such germ line clones (arrow) overproliferate (note 16 germ cells in the cyst) and lack Bam-C
protein (E). ([D] is merged image of [E] and [F]; asterisk in [D] represents position of hub).
(G and H) Testes in which germ line clones marked by the absence of GFP had been generated 9 days earlier. (H) Germ line clones
lacking bam activity (one shown by dotted outline) overproliferate as spermatogonia-like cells. Note size of overproliferating cells relative to
spermatocyte (arrowhead). (H) Germ line clones doubly mutant for bam and put behave as bam single mutant clones and overproliferate as
spermatogonia-like cells (one clone shown by dotted outline), suggesting that bam is epistatic to put. The black area in (H) probably corresponds
to dead cells that were previously overproliferating.
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Supplemental DataConclusions
Supplemental Data including experimental procedures are availableWe propose that Gbb acts as a short-range signal, ema-
at http://www.current-biology.com/cgi/content/full/13/23/2065/DC1/.nating from cyst cells, signaling only to the GSCs and
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